Abstract-Research and clinical applications, such as microinjection and polar-body biopsy involve 3-D rotation of mammalian oocytes/embryos. In these cell manipulation tasks, the polar body of an embryo/oocyte must be made visible and properly oriented under optical microscopy. Cell rotation in conventional manual operation by skilled professionals is based on trial and error, such as through repeated vacuum aspiration and release. The randomness of this manual procedure, its poor reproducibility, and inconsistency across operators entail a systematic technique for automated, noninvasive, 3-D rotational control of single cells. This paper reports a system that tracks the polar body of mouse embryos in real time and controls multiple motion control devices to conduct automated 3-D rotational control of mouse embryos. Experimental results demonstrated the system's capability for polar-body orientation with a high success rate of 90%, an accuracy of 1.9
I. INTRODUCTION
C ELLULAR surgery demands a range of techniques for manipulating single cells. Cell injection and intracellular structure biopsy are example techniques practiced in genetics studies and stem cell research as well as clinical in vitro fertilization procedures. These cellular surgery techniques target specific cellular structures, requiring cells to be noninvasively rotated in three dimensions for properly orienting target cellular structures for manipulation.
In intracytoplasmic sperm injection (ICSI), the polar body of the oocyte must be oriented away from the micropipette penetration site to preserve the cell's development competence [1] - [4] . Cell orientation is also critical for biopsy of cellular structures. In preimplantation genetic diagnosis (PGD), polarbody biopsy is widely practiced [5] for genetic screening of the embryo before implantation [6] . The polar body (see Fig. 1 ) is a structure that contains a copy of the genetic information of the oocyte/embryo, and thus, can be extracted to analyze the embryo C. Leung, Z. Lu, and X. P. Zhang are with the Advanced Micro and Nanosystems Laboratory, University of Toronto, Toronto, ON M5S 3G8, Canada (e-mail: clement.leung@utoronto.ca; zhe.lu@utoronto.ca; zhxp@mie.utoronto.ca).
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Digital Object Identifier 10.1109/TBME.2012.2182995 for genetic defects. Polar-body biopsy requires the polar body to be properly rotated for extraction by a biopsy micropipette. Cell rotation in these research and clinical applications has been conventionally performed manually by skilled operators. The operator uses a micropipette to repeatedly apply vacuum and release of the cell until the targeted cellular structure becomes visible and is properly oriented. Due to poor controllability, manual 3-D rotation of cells is a trial-and-error procedure [1] that varies in speed and success rates across operators. With the trend of automating cell manipulation tasks [7] - [13] , an automated approach is required for well controlled 3-D rotation of biological cells with high reproducibility and success rates.
A number of approaches have been reported in the literature for rotating single cells. Optical tweezers use a focused laser beam to manipulate microscopic objects and are capable of orienting single cells [14] - [18] . However, the optical tweezers technique is limited to rotating a cell about one axis [19] . Dielectrophoresis (DEP) uses a nonuniform electric field to exert forces on cells and has been shown capable of rotating cells [20] - [23] . It has also been shown that the electric fields required for DEP to rotate cells can cause significant cell damage [24] . Strong static magnetic fields can also be used to orient cells [25] , [26] ; however, cell orientation is limited to the alignment with the magnetic field direction. We recently reported a customized rotational stage design and control approaches for orienting cellular structures [27] . The system and technique were limited to orienting cells about only one axis (i.e., 2-D orientation).
The aforementioned methods are not suitable for applications such as ICSI and PGD, which require noninvasive 3-D rotation of single mammalian oocytes/embryos. To establish an automated technique for orienting targeted cellular structures, visual recognition and tracking algorithms are essential for locating and following the position of the cellular structures imaged under microscopy. Since microscope images are 2-D, targeted cellular structures may rotate out of the image plane of the microscope when the cell is rotated along three dimensions. Thus, targeted cellular structures to manipulate are not always visible. Furthermore, other cellular structures tend to occlude the cellular structure of interest, rendering focus-based approaches ineffective for recovering the visibility of the desired cell structure. In light of these challenges, robust cellular structure recognition and tracking algorithms are required to accomplish 3-D rotation of targeted cellular structures. With visual feedback of the cellular structure position, a fluidic flow can be controlled for cell rotation to produce a torque that rotates a cell (e.g., oocyte/embryo). A fluidic flow has two main regions: a laminar flow region, where fluid motion is smooth and constant [28] , and a turbulent flow region, characterized by chaotic eddies, vortices, and other flow instabilities [29] . For stable cell rotation, the laminar flow region needs to be maximized by controlling the fluidic flow rate.
This paper presents a system and techniques for automated 3-D rotational control of single mammalian oocytes/embryos. The system was applied to the positioning and orientation of the polar body of mouse oocytes/embryos. A robust polar-body recognition algorithm, which is capable of determining whether the polar body is present in the image plane of the microscope (in plane) or on a different plane/depth from the image plane (out of plane), was developed. Furthermore, a robust polar-body tracking algorithm was developed for tracking the polar body while it was rotated. Different from the rotational stage approach [27] , this system does not require customized hardware controlling cell rotation. The system uses a standard holding micropipette to generate a fluidic flow to rotate the polar body from an out-of-plane position to an in-plane position, and then to rotate the polar body to a desired orientation in the image plane. Visual recognition and tracking of the polar body is combined with motion control to automatically control the fluid flow generated by a holding micropipette to rotate the polar body. The system provides a noncontact, noninvasive, and highly reproducible approach for automatically rotating cellular structures in three dimensions.
II. SYSTEM DESIGN

A. System Setup
As shown in Fig. 2 , the system consists of a standard inverted microscope (bright-field imaging, Nikon Ti-S), a CMOS camera (scA1300-32gm, Basler), and a motorized X-Y translational stage (ProScan, Prior Scientific, Inc.) for embryo positioning control. The stage has a travel range of 75 mm with a resolution of 0.01 μm, a maximum speed of 5 mm/s, and a repeatability of ±1 μm. A 10× objective with a numerical aperture of 0.30 (CFI Plan Fluor, Nikon) was used for imaging.
A standard holding micropipette (Cook; tip diameter: 15 μm, tilting angle: 35
• ) is connected to a 250 μL glass syringe (Hamilton). The syringe was filled with mineral oil and mounted on a linear stage (eTrack, Newmark System, Inc.) for precise pL control of fluid to generate fluidic flow for cell rotational control. The holding micropipette was attached to a three-axis motorized micromanipulator (MP285, Sutter, Inc.). The micromanipulator 
B. Analysis of Fluidic Flow
Aspiration and dispensation of fluid from the holding micropipette is controlled by displacements from the linear stage. Positive and negative linear stage displacements cause the micropipette to dispense fluid or aspirate fluid. Fluidic flow is used to produce a torque that rotates the embryo and its polar body. Laminar flow and turbulent flow can be generated by the holding micropipette [see Fig. 3(a) ]. Laminar flow is characterized by smooth and constant fluid motion, which is ideal for stable rotation of cells. In contrast, turbulent flow generates chaotic eddies, vortices, and other flow instabilities. In order to achieve stable cell rotational control, the micropipette must be positioned relatively close to the cell for ensuring that the cell is only rotated within the laminar flow region. . We experimentally determined that ±5 μm/s was the minimum and maximum linear stage velocity used by our system to produce a sufficiently large laminar flow region. Through experimental trials on rotating embryos with a constant linear stage velocity between −5 and 5 μm/s, we determined that aspiration and dispensation at the same flow rate achieved the same stable rotational control of cells. Thus, controllable size of the laminar flow region is similar for both aspiration and dispensation at these linear stage velocities.
C. Operation Sequence for Cell Rotational Control
When an embryo of interest is selected, the system starts to track the embryo and provide visual feedback of the embryo's position O to the X-Y stage controller. Determination of the embryo's position enables the X-Y stage to move the embryo to the center of the field of view of the microscope, X e (see Fig. 4 ) in each frame to compensate for the embryo's translational movement during rotation. The spatial distance between the embryo's position and the center of the field of view is input into a controller to servo the X-Y stage to maintain the embryo in the center of the field of view.
Polar-body recognition is performed to determine if the polar body is out of plane or in plane. If no polar body is found, or if the polar body is not sufficiently present in the image plane, the micropipette tip is translated to a vertical distance above the embryo, and to the top left-hand side of the embryo for outof-plane rotation [e.g., micropipette tip position relative to cell body is detected by the recognition algorithm to be sufficiently present in the image plane. If no polar body is found after 30 s, the system determines that the embryo does not have a polar body, and polar-body rotation is stopped.
Once the polar body is sufficiently present in the image plane, polar-body tracking commences for in-plane rotational control. The holding micropipette is positioned back in the image plane and translated relatively to the embryo such that the embryo is within the laminar flow region [e.g., micropipette tip position (x, y, z) = (0, 100, and 0)] [see Fig. 5(b) ]. The micromanipulator moves at a low speed (e.g., 20 μm/s) to ensure that the micropipette's movement does not cause disturbances in the medium that could potentially change the cell's in-plane orientation. The polar-body position is continuously tracked during in-plane rotation and used to visually servo the linear stage to rotate the polar body to the target orientation (e.g., 3 o'clock or 12 o'clock position, labeled as θ 0 in Fig. 4) . The embryo is then immobilized in the desired orientation for subsequent cellular surgery (e.g., microinjection or polar-body PGD).
III. POLAR-BODY RECOGNITION
The polar-body recognition algorithm locates the initial position of the polar body at the start of the system. If the polar body is detected to be in the image plane, the system directly performs in-plane rotation. Otherwise, out-of-plane rotation is first conducted to bring the polar body into the image plane.
A. Segmentation of Embryo Structures
The system first applies Otsu adaptive thresholding to form a binary image of the embryo. A morphological close operation (dilation and erosion of the binary image) is performed to remove noise and small particles that may be present in the image [see Fig. 6(b) ] [30] . To detect the polar body in the binary 
B. Polar-body Detection
The polar body's position is computed by finding the contours of the remained binary objects. There may be multiple contours since the binary information representing the polar body can be fragmented [see Fig. 6(f) ]. Furthermore, there are cases where the cytoplasm's fitted circle may not have encapsulated the entire cytoplasm. Consequently, edges of the cytoplasm can remain in the binary image. However, this tends to happen mostly for unhealthy deteriorating embryos, where the cytoplasm has an altered morphology.
In order to correctly find the polar body, the width of each contour is extracted to distinguish the polar body from potential cytoplasm edges. Each binary object's contour width is computed by finding the two contour points of the binary object that produce the maximum Euclidean norm value. Experimentally, the width of a polar body is always lower than 30 pixels, verified through off-line measurements on many mouse embryos. On the other hand, cytoplasm edge binary objects generally have widths much higher than 30 pixels. This experimental knowledge provides a useful cue/threshold for identifying the polar body. After the polar body is detected, the polar body position is extracted by finding the centroid of the maximum area contour that meets the aforementioned polar body width requirement.
The system then forms a polar-body region of interest (pbROI) around the centroid position P [see Fig. 6(g) ].
C. Length of Polar-body In Plane
The system then determines the amount of polar body that is in the image plane by determining the polar-body length α (in pixels) [see Fig. 6(h) ]. Based on the cytoplasm radius R, and the distance between the polar body and O, the difference is used to measure the length of the polar body, α that is present in the image plane. The polar-body distance from O is found by calculating the difference between the point on the polar body that produces the largest distance from the cytoplasm center O. β, measured in pixels, is a threshold value at which the polar body is determined to be in the image plane. It was experimentally found that α always exceeds 6 pixels when the polar body is in the image plane and, thus, β = 6 was set in the system as the minimum length requirement for determining if the majority of the polar-body structure is within the microscope image plane.
The variable α together with the threshold value β is used by the out-of-plane controller to control the linear stage for outof-plane rotation (see Fig. 4 ), which will be discussed in more detail in Section IV. If the polar body was not detected during polar-body detection, then the polar body is considered to be completely out of plane, and α is set to 0. If the minimum α requirement is met, the system directly executes in-plane rotation. However, if this requirement is not met, or if the polar body is not detected, the system first conducts out-of-plane rotation to rotate the polar body into the image plane before performing in-plane rotation.
IV. OUT-OF-PLANE ROTATIONAL CONTROL
Out-of-plane rotational control is required when the polar body is not detected, or when the minimum α threshold requirement is not met. The polar body must be rotated about the xand y-axis until the polar body becomes sufficiently present in the image plane.
To conduct out-of-plane rotational control, the micromanipulator moves the holding micropipette to an out-of-plane position [see Fig. 5(a) ]. The micropipette applies fluidic flow predominantly to the top part of the embryo, thus, causing the embryo to rotate about the xy plane. The α value is input into a piecewise controller to visually servo the linear stage for out of plane polarbody rotation (see Fig. 4 ). The piecewise controller switches among several control states based on α. In (1), d represents the linear stage velocity and i represents the current image frame. When α is 0 [i.e., when the polar body is completely out of plane, Fig. 7(a) ], the polar body is rotated at a constant rate. When α becomes greater than 0 but less than β, the system switches to proportional control with a gain of kp 1 .
The kp 1 value was set at 0.000085 in the system, tuned through experimental trials. A minimum threshold of −1 μm/s and a maximum threshold of 1 μm/s were set to d to ensure that a low-fluidic flow rate is generated by the micropipette for stable rotation of the embryo/polar body. Furthermore, these thresholds restrict the allowable linear stage velocity to a very small range of low velocities. Thus, the acceleration of the linear stage is limited, ensuring a smooth transition with no abrupt changes in the linear stage's velocity between different control states. When α exceeds β, the system stops the linear stage from moving until α is observed to decrease between consecutive frames. This happens when the polar body has reached its maximum α value and begins to rotate out of the image plane again. The system then applies a negative linear stage displacement of −1 μm/s to compensate for the decrease in α value. After a number of consecutive frames (e.g., 60 frames or 2 s) of maintaining the polar body's α length at a value greater than or equal to β, the polar body is considered to be in plane, and out-of-plane rotational control is completed. If after 30 s of outof-plane rotation, α remains at 0, the system stops out-of-plane rotation, since a low number of embryos indeed do not have a polar body.
V. IN-PLANE ROTATIONAL CONTROL
When the polar body is within the image plane, the system initiates in-plane rotational control of the cell (Fig. 8) . Similar to out-of-plane rotational control, the micromanipulator is moved at a slow velocity (e.g., 20 μm/s) to position the micropipette at the in-plane rotation position [see Fig. 5(b) ]. At this position, the micropipette tip is on the same Z depth as the embryo, enabling the fluidic flow from the micropipette to rotate the embryo about the Z-axis. The micropipette is positioned away from the embryo in the y-direction, by slightly more than one embryo size to minimize the chance of aspirating the embryo onto the micropipette tip opening. A visual tracking algorithm was developed to track the polar body in the rotation process. The tracked position of the polar body is used to visually servo the linear stage to rotate the polar body in plane to a target orientation (e.g., 3 o'clock position).
A. Polar-body Visual Tracking
The initial position of the polar body is determined through polar-body recognition described in Section III. To track the polar body, optical flow is used to extract the 2-D motion field of the embryo and polar body's in-plane rotation. With the optical flow method, corner detection is performed on previous image frame i − 1 to compute feature points to track. The locations of these feature points are then found in the current frame i to form the motion field vectors, based on which the direction of rotation (counterclockwise or clockwise) and the rotation angle θ 1 are extracted.
The information of θ 1 is computed by first subtracting the coordinates O from each feature point coordinate in frame i − 1 and frame i to form f j (i − 1) and f j (i), respectively, where j corresponds to the number of feature points, and f j (i) and f j (i − 1) are feature point positions relative to O. To find the angle of rotation θ 1 , the dot product of each f j (i − 1) and f j (i) pair is computed and averaged:
The cross product of f j (i − 1) and f j (i) for every corresponding j pair is also computed and summed to find the rotational direction about the Z-axis. A negative summation result represents that the polar body and embryo are rotating in a counterclockwise direction, and a positive summation result represents that the embryo and polar body are rotating in a clockwise direction.
The rotation angle θ 1 is multiplied by the rotation direction, and is then input into a rotational matrix to rotate the previous frame's polar-body position by θ 1 . O is subtracted from the polar-body position in the previous frame P (i − 1) to find the polar-body vector p(i − 1), which is then multiplied by a rotation matrix with value θ 1 to determine the current frame's p(i):
O is added to the newly updated p to compute the polar-body position P . To verify that a polar body exists at the newly estimated P position, the polar-body binary information is extracted from the current frame using the polar-body detection method described in Section III. A pbROI is formed and centered at the estimated P position. If sufficient polar-body binary information is found in pbROI, P is updated to be centered at the centroid of the polar-body binary contour. Otherwise, no polar body exists at the newly computed location, and the algorithm continues to estimate the next position of the polar body based on the optical flow vectors.
It was mentioned earlier that embryo structures of a low number of healthy embryos and mostly deteriorating embryos are no longer uniform. The nonuniformity of the embryo can cause minor out-of-plane rotation when the embryo is rotated in plane, where the polar body would disappear from the image plane for a short period of time, and then reappear. If polar-body tracking does not recover the polar-body location (i.e., polar body does not reappear) after several seconds, in-plane rotation is stopped, and the system switches back to out-of-plane rotation to bring the polar body back into the image plane.
B. Visual Servo Control
The angle of the polar-body θ 2 , relative to the target orientation (e.g., 3 o'clock position) is input into a potential difference (PD) controller to visually servo the linear stage for in-plane rotation (see Fig. 4 ). θ 2 is extracted from p. The PD controller is represented as
where θ 1 is the angular velocity of the polar body in degree/s, and kp 2 and kd 2 are the proportional and derivative gains, respectively. Starting values of proportional and derivative gains were obtained using standard methods [31] , and their final values were determined through experimental trials. kp 2 and kd 2 were set to be 0.00018 and 0.003. Angular velocity is computed by averaging the rotational angle θ 1 of the current frame i and the past 29 frames. The controller's output d is capped at a maximum threshold of 5 μm/s and a minimum threshold of −5 μm/s. The thresholds limit the linear stage displacement to ensure that the embryo is not aspirated onto the micropipette tip opening. Furthermore, these limits ensure that a sufficiently large laminar flow region is produced so that the polar body is rotated stably.
VI. EXPERIMENTAL RESULTS AND DISCUSSION
Mouse embryos collected from imprinting control region mice were placed in culture medium in a petri dish. The culture medium was covered with mineral oil to prevent culture medium evaporation. A total of 30 mouse embryos were used to capture 30 off-line videos for evaluating the recognition and tracking algorithms. The system's out-of-plane and in-plane rotational control performances were evaluated separately, using additionally 30 mouse embryos. 
A. Polar-body Recognition and Tracking
Polar-body recognition and tracking success rates were evaluated by running the algorithms on the 30 off-line captured videos of mouse embryos rotated by manually controlling fluidic flow. The videos were captured at a frequency of 30 frames/s using 10× magnification under bright field microscopy. The embryos were rotated by controlling the fluidic flow manually, decoupling the control of the fluidic flow from the evaluation of the recognition and tracking algorithms.
1) Recognition Success Rate: Recognition success rate is defined as the ability of the algorithm to automatically detect the polar body when the polar body is partially or fully present in the image plane. The recognition algorithm achieved a recognition success rate of 93% (28 out of 30). False-positive recognition occurred when contaminants in culture medium were very occasionally present close to the polar body. When the contaminants passed the polar body width criterion described in Section III-B, they were incorrectly detected as the polar body. This failure rate can be reduced by ensuring that culture medium is filtered and that no contaminants are attached to the embryos.
2) In-Plane Tracking Success Rate: The 30 off-line captured videos containing in-plane rotation of mouse embryos and their polar bodies were used to evaluate the polar-body tracking algorithm. The videos have an average duration of 54 s. Tracking success rate is defined as the ability of the algorithm to follow the polar body throughout the duration of the off-line videos. Failure happens when the tracking algorithm loses track of the polar body in a given video. Based on the 30 videos, the algorithm's polar-body tracking success rate was evaluated to be 97% (i.e., the tracking algorithm did not lose track of the polar body in 29 out of 30 of the videos). Fig. 9 shows example frames of polar-body tracking during in-plane rotation. The pbROI is labeled as white boxes, and the polar-body position P is shown by the dot located at the center of the pbROI. One failure case occurred when the embryo's polar body had a low contrast relative to the background. The algorithm determined that the polar body was lost, and after several seconds the system automatically canceled tracking.
B. Out-of-Plane Rotational Control
For out-of-plane rotational control, the amount of time required and the success rate of the system to rotate the polar body into the image plane were both evaluated. The polar body was first manually rotated out of the image plane before conducting automated out-of-plane rotational control for cases where the polar body was partially or fully present in the image plane initially. For cases where the polar body was already out of plane, this precursor step was not necessary. Out-of-plane rotational control success rate is defined as the ability of the system to rotate and verify that the polar body is in the image plane based on the minimum α length criterion described in Section III-C. For the evaluation of the out-of-plane control, failure cases caused by polar-body recognition failure were ignored. If the polar-body recognition were to fail during an out-of-plane rotational control trial, the trial would be performed again. Thus, the out-of-plane control experimental trial results were not dependent on the recognition success rate.
Totally, 30 mouse embryos were used to perform 30 trials to quantify the system's success rate for out-of-plane rotational control. The system exhibited a success rate of 90% for outof-plane rotation. For one of the failure cases, the polar body was abnormally small, with an α length of less than β = 6. Thus, for this case, the minimum α requirement was never met, and out-of-plane rotation was canceled by the system after 30 s. The cytoplasm shape can also cause failure to occur. For unhealthy embryos, the shape of the cytoplasm is no longer close to spherical, and has a deformed morphology. Circle fitting used to remove the cytoplasm binary information, thus, encapsulated the polar body for certain cases of unhealthy embryos. In this failure case, the polar body was rotated to the image plane, but continued to rotate out of the image plane, as the minimum α length criterion was never met.
Out of the 30 trials, the shortest and longest time required for part of the polar body to first appear in the image plane were 2 and 8 s, respectively. The average time required for the polar body to first appear partially in the image plane was 3.8 s. For successful cases only, the time required for the polar body to fully appear in the image plane after the polar body has first appeared was averagely 8.4 s. The shortest and longest duration of time from the polar body first appearing to the polar body fully appearing in the image plane were 4 and 40 s. The overall average time required for a successful out-of-plane rotation was, thus, 12.2 s. For the 40 s case, the polar body partially appeared in the image plane. However, the polar body's α value did not surpass the threshold requirement. The polar body was then rotated out of the image plane again, and then back into the image plane. The second attempt at rotating the polar body back to the image plane enabled the polar body to be fully in the image plane.
C. In-Plane Rotational Control
In-plane rotational control trials were performed by automatically rotating the polar body of each embryo to the target 3 o'clock position, defined as the 0
• position. For evaluation of the in-plane rotational control, failure cases caused by tracking failure were ignored and not included in the experimental trial results. Thus, the in-plane controller was evaluated independent from the tracking algorithm success rate.
Each of the 30 embryos' polar bodies was rotated twice, amounting to a total number of 60 trials. One rotation was counterclockwise with the polar body starting at the 8 o'clock position (150
• relative to the 3 o'clock destination position), and one rotation was clockwise with the polar body starting at the 10 o'clock position (−150
• relative to the 3 o'clock destination position). The two aforementioned starting positions require two of the largest angles of rotations to reach the 3 o'clock position. Thus, trials from these two starting positions were used to quantify the response time of the in-plane controller in cases where the polar body was far away from the 3 o'clock position. The polar body was fully in the image plane before conducting the in-plane rotational control trial. As previously discussed in Section V-B, through experimental trial and error, the proportional and derivative gains for the in-plane controller were tuned to be kp 2 = 0.00018 and kd 2 = 0.003. Fig. 10 shows step responses for varying control gains.
The system required averagely 10.6 s to rotate the polar body from the initial positions to the 3 o'clock position. Correspondingly, the cell's in-plane rotational speed was observed to be approximately 13
• /s. Based on these results, the overall average time required for the system to orient the polar body to the 3 o'clock position from an out-of-plane position was 22.8 s, a speed comparable to that of skilled operators. The fastest rotational speed was approximately 22
• /s, enabling the system to rotate the polar body to the 3 o'clock position within 6 s. Out of the 60 trials performed on the 30 embryos, the in-plane rotational control success rate was 100%.
The rotation accuracy for the system's in-plane rotational control was evaluated by measuring the maximum angle between the desired orientation angle and the one achieved by the cell rotational control system. The final orientation angle of the polar body is computed by averaging the angles of the last 60 positions found by the polar-body tracking algorithm. Based on the 60 trials, the rotation accuracy of the system was calculated to be 1.9
• . In certain cases, minor overshoot was observed, resulting from several factors. The sizes of the embryos vary, and the difference in size can affect the rotational speed of the polar body. Slight differences in the viscosity of culture medium can also have an affect on the flow rate generated by the linear stage displacement. Finally, undesired coupled out-of-plane rotation was very occasionally observed during in-plane rotation. It was discussed earlier that healthy embryos and deteriorating embryos reveal different rotation behavior. Due to the altered shape of unhealthy embryos, the embryo's center of mass is changed, and the polar body more readily rotates out of the image plane. Undesired out-of-plane rotation was observed in 6 out of the 60 trials.
VII. CONCLUSION
This paper presented a system for automated 3-D rotational control of mouse embryos. Visual recognition and tracking algorithms were developed to detect the polar body's presence or absence in the microscope's image plane and to track the polar body during in-plane rotation. Polar-body recognition and tracking success rates were quantified to be 93% and 97%, respectively. The system controls the linear stage displacement to generate fluidic flow for out-of-plane and in-plane cell rotational control. The system demonstrated overall out-of-plane and in-plane success rates of 90% and 100%, respectively. The system and technique enable highly reproducible rotational control of single oocytes/embryos in three dimensions and pave the ground for automating a series of oocyte/embryo surgery tasks that require the targeting of specific cellular structures, such as the polar body.
